Coronary heart disease (CHD) is the leading cause of mortality in African Americans. To identify common genetic polymorphisms associated with CHD and its risk factors (LDL-and HDL-cholesterol (LDL-C and HDL-C), hypertension, smoking, and type-2 diabetes) in individuals of African ancestry, we performed a genome-wide association study (GWAS) in 8,090 African Americans from five population-based cohorts. We replicated 17 loci previously associated with CHD or its risk factors in Caucasians. For five of these regions (CHD: CDKN2A/CDKN2B; HDL-C: FADS1-3, PLTP, LPL, and ABCA1), we could leverage the distinct linkage disequilibrium (LD) patterns in African Americans to identify DNA polymorphisms more strongly associated with the phenotypes than the previously reported index SNPs found in Caucasian populations. We also developed a new approach for association testing in admixed populations that uses allelic and local ancestry variation. Using this method, we discovered several loci that would have been missed using the basic allelic and global ancestry information only. Our conclusions suggest that no major loci uniquely explain the high prevalence of CHD in African Americans. Our project has developed resources and methods that address both admixture-and SNP-association to maximize power for genetic discovery in even larger African-American consortia.
, Anne B. Newman 27 , Christopher H. Newton-Cheh 3, 7, 19, 28, 29 
Introduction
Coronary heart disease (CHD) is the leading cause of mortality in African-American men and women [1] . The risk factors for CHD in African Americans are similar to those reported in Caucasians, but their relative impact varies between the two ethnic groups. Multiple studies have reported that smoking, type-2 diabetes (T2D), hypertension, and LDL-and HDL-cholesterol (LDL-C and HDL-C) are significant independent risk factors for CHD in African Americans [2] [3] [4] [5] . In general, hypertension and LDL-C have a larger and smaller impact on CHD risk, respectively, in African Americans compared with Caucasians [3] . There is also extensive evidence of the role of genetic factors in the familial aggregation of CHD and its predictors in African Americans [6] . However, the underlying genes remain largely unknown.
Recent advances in genome-wide association studies (GWAS) have made spectacular advances in identifying genes contributing to numerous common chronic diseases in Europeans and European Americans [7] . There are multiple loci convincingly associated with CHD risk in Caucasians, including many genes involved in lipid metabolism, as well as novel chromosomal regions that do not appear to contribute to risk through traditional risk factors [7] [8] [9] [10] [11] [12] [13] [14] . However, there have been no large-scale GWAS for CHD and its risk factors in African Americans. GWAS in African Americans is important because new genes may be identified as a result of genetic variation private to populations of African-descent, differences in allele frequencies and in patterns of linkage disequilibrium (LD), differences in the relative impact of risk factors to disease, or differences in gene-environment interactions. Here we report a large (and for most phenotypes first) GWAS for CHD, type-2 diabetes (T2D), hypertension, LDL-C and HDL-C, and smoking in 8,090 African Americans as part of the National Heart, Lung, and Blood Institute (NHLBI)-sponsored Candidate gene Association Resource (CARe) Project [15] .
Results
We genotyped 909,622 single nucleotide polymorphisms in 9,119 African Americans from the ARIC (N = 3,269), CARDIA (N = 1,209), CFS (N = 704), JHS (N = 2,200), and MESA (N = 1,737) population-based cohorts, on the Affymetrix Genome-Wide Human SNP Array 6.0 platform. Genotypes were called using Birdseed v1.33 [16] , and stringent quality-control filters were applied (Tables S1 and S2 ). For samples that passed quality control (N = 8,100), principal component analysis (PCA) using EIGENSTRAT [17] revealed only ten population outliers across all cohorts; these samples were also excluded from the analysis (Text S1 and Figure S1 ). Overall, a total of 8,090 African Americans with very high genotype quality (average genotype success rate of 99.65%) were available for analysis. The demographics of these participants by cohort are shown in Table 1 . To increase our coverage of common genetic variation and statistical power, and to facilitate comparisons across genotyping platforms, we imputed genotypes in the CARe African-American populations using MACH taking into account the admixed nature of the population (Text S1) [18, 19] .
For all cohorts except CFS, single marker genetic association tests were performed by study using PLINK v1.06 [20] under an additive genetic model. We used linear regression for quantitative traits (HDL-C, LDL-C, and smoking) and logistic regression for dichotomous phenotypes (CHD, hypertension, and T2D). For CFS, family structure was modeled using linear mixed effects (LME) models and generalized estimating equations (GEE) for quantitative and dichotomous phenotypes, respectively [21] . For all analyses, the first ten principal components were used as covariates to account for global admixture and population stratification. A detailed description of the analysis methods and the phenotypic definitions used can be found in Text S1. Power calculations for the different phenotypes analyzed are summarized in Table S3 ; we have excellent power to find strong signals, but low to modest power for variants with weak phenotypic effects. The inflation factors (l s ) observed were all near unity (Table S4 ), suggesting that most confounders, including population stratification, were well-controlled.
We applied genomic control to the individual cohorts' results and combined them using the inverse variance meta-analysis method [22] . Inflation factors of the meta-analysis results were modest and were again scaled using genomic control (Table S4) . Quantile-quantile (QQ) plots of the six different meta-analyses after double genomic control corrections show that the test statistics follow the null expectations, except for the HDL-C and LDL-C meta-analyses, which show an upward departure from the null distributions at the lowest P-values ( Figure 1 ). This departure is caused by known genetic variants with large effects on lipid levels ( Figure S2 ).
The main goal of this study was to identify new genetic risk factors for CHD and its predictors in African Americans. For five
Author Summary
To date, most large-scale genome-wide association studies (GWAS) carried out to identify risk factors for complex human diseases and traits have focused on population of European ancestry. It is currently unknown whether the same loci associated with complex diseases and traits in Caucasians will replicate in population of African ancestry. Here, we conducted a large GWAS to identify common DNA polymorphisms associated with coronary heart disease (CHD) and its risk factors (type-2 diabetes, hypertension, smoking status, and LDL-and HDL-cholesterol) in 8,090 African Americans as part of the NHLBI Candidate gene Association Resource (CARe) Project. We replicated 17 associations previously reported in Caucasians, suggesting that the same loci carry common DNA sequence variants associated with CHD and its risk factors in Caucasians and African Americans. At five of these 17 loci, we used the different patterns of linkage disequilibrium between populations of European and African ancestry to identify DNA sequence variants more strongly associated with phenotypes than the index SNPs found in Caucasians, suggesting smaller genomic intervals to search for causal alleles. We also used the CARe data to develop new statistical methods to perform association studies in admixed populations. The CARe Project data represent an extraordinary resource to expand our understanding of the genetics of complex diseases and traits in non-Europeanderived populations. traits analyzed (we could not identify African-American replication cohorts for smoking), we identified SNPs with the strongest evidence of association in the CARe meta-analysis -SNPs were selected after accounting for LD to limit association signals redundancy -and sought replication using in silico data or direct genotyping in independent African-American cohorts (Table 1) .
Combined results from a meta-analysis of the CARe and replication data are presented in Tables S5, S6 , S7, S8, S9 and summarized in Table 2 . We identified one novel locus that reached the generally accepted level for genome-wide significance (P#5610
28
): SNP rs7801190 in the potassium/chloride transporter gene SLC12A9 and hypertension (OR = 1.31, combined P = 3.4610
). Despite reaching genome-wide significance, we are cautious in highlighting this association because it was identified using imputed genotypes (imputation quality r 2 _hat = 0.70) and the replication result, also obtained by imputation, was not statistically significant (P = 0.29). Indeed, when we directly assessed the quality of the imputation by directly genotyping rs7801190 in ARIC African-American samples (N = 2,572), we failed to validate the observed association with hypertension. This result suggests that the association between rs7801190 and hypertension status observed in the CARe African-American datasets is likely due to chance.
To validate our phenotype modeling and analytical strategy, we sought to replicate in the CARe meta-analyses genetic associations previously reported in populations of European ancestry. We retrieved all index SNPs associated at genome-wide significance (Table S10 ) [23] . We then determined whether there was also evidence of association for the same signals in this large sample of African Americans. We detected modest to strong evidence of replication for one locus associated with CHD, one locus with T2D, nine with HDL-C, and six with LDL-C ( Table 3 and Table S11 ). We did not replicate signals associated with smoking or hypertension. Furthermore, the top ten associated SNPs in a recent hypertension GWAS performed in African Americans [24] were not associated with hypertension in the CARe meta-analysis (different direction of effect and/or P.0.05). Since these hypertension association signals did not replicate in the original publication, non-replication here may result from their being falsely positive in the original report. Although replication of some of the above loci in Africanderived populations had been reported previously [25] , for most of them, the CARe results represent the first replication in populations of African ancestry.
Taking advantage of the LD patterns in African Americans (LD breakdown over shorter distances compared with Caucasians), we assessed whether we could fine-map some of the associations previously reported in Caucasians. For this, we evaluated SNPs that were correlated with the index SNP in HapMap CEU (r 2 $0.5), but largely uncorrelated with it in HapMap samples of African descent (YRI)(r 2 #0.1). In most cases, the same signals were responsible for the associations in Caucasians and African Americans (Table 3 and Table S11 ). However, we found five examples where the predominant association signals were at SNPs strongly correlated with the index SNPs in HapMap CEU but weakly or not correlated with the index SNPs in HapMap YRI: the CDKN2A/CDKN2B locus for CHD and the FADS1-3, PLTP, LPL, and ABCA1 loci for HDL-C (Table S12) . Using available genetic association results for myocardial infarction [10] and HDL-C [26] in Caucasians, we illustrate in Figure 2 ), but not in Caucasians ( Figure S3D ).
The optimal analytical strategy for GWAS in recently admixed populations has not been established. In African Americans, an ideal test statistic would incorporate both genotype information as traditionally used in GWAS, but also, at each locus, the probability that a given individual has zero, one, or two copies of a European (or African) chromosomal segment. This method would be particularly informative in a case where, for example, the causal allele is not in LD with any markers on the genotyping array, but is at higher frequency on one ancestral background. To explore the benefits of such a statistical framework, we designed and applied a novel method that combines evidence of association from genotypes and local ancestry estimates; the method is described in details in Text S1. Briefly, we use a panel of ancestry informative markers across the genome and a new implementation of the software ANCESTRYMAP [27] to estimate, for each of the CARe African Americans genotyped, the probabilistic proportion of European ancestry (0-100%) at the locus for each of the ,900,000 SNPs genotyped on the Affy6.0 platform. For each SNP, we can then compute association between the phenotype and both the SNP genotype and the SNP estimate of local ancestry to generate a combined score that summarizes allelic variation and admixture. This method was used to produce the association data presented in Table 4 .
Our method to assess combined SNP-and ancestry-association was tested explicitly on CHD and its risk factors in the CARe African- American samples ( Figures S4, S5) . For each SNP, we compared the test statistic obtained using the SNP-alone or the SNP+admixture information (in both methods, global ancestry is included as a covariate), focusing on markers that would not have been prioritized for follow-up replication when considering only SNP genotype association results ( Figure S6 ). Across the six phenotypes, we identified 12 SNPs outside the previously known loci with a P#1610 26 in this SNP+admixture test statistic (Table 4) . Most of these SNPs have a large allele frequency difference between the HapMap CEU and YRI individuals, suggesting that local ancestry might confound simple SNP association testing. For instance, the frequency of the C-allele at rs8078633 near the APPBP2 gene is 100% and 18% in CEU and YRI, respectively. The association between this SNP and HDL-C levels is weak when considering only allelic variation (P = 0.98) but becomes highly significant when evidence from the genotype and the estimate of local ancestry is combined (P = 3.6610 27 ) ( Table 4 ). This composite approach also identified a SNP near the phospholipase B1 gene (PLB1) that is strongly associated with LDL-C levels (P = 4.1610 28 ), but that would not have been noticed using traditional genotype-only association testing (P = 0.23) ( Table 4) . As more large-scale GWAS in individuals of African ancestry are completed, it will be important to replicate these results. To be included in this table, we require a two-tailed P#0.05 after Bonferroni correction for the number of independent loci reported in the NHGRI database (Table S5) . We report the association results for the published (index) SNP, unless it is not available. In that case, we report results for a proxy SNP (r 2 $0.5 with original SNP in HapMap CEU; see Table S5 for additional details). Effect alleles are given on the forward strand. For proxy SNPs, we phased HapMap CEU genotypes for the index and proxy SNPs to determine haplotypes, to be able to assess consistency of the direction of effect. d For dichotomous phenotypes, we report odds ratio (OR) and 95% confidence interval (CI); for quantitative traits, we report effect size (beta, in standard deviation units) and standard error (SE). 
Discussion
Most large-scale genetic efforts to identify risk factors for CHD have focused so far on populations of European ancestry. Given the prevalence of the disease in African Americans, and the development of better genotyping platforms that more completely survey common genetic variation in African-derived genomes [16] , it is now both pertinent and timely to investigate the genetics of CHD in populations of African ancestry. The CARe Project was launched four years ago with the specific goal to create a resource for association studies of various heart-, lung-, and blood-related phenotypes across different ethnic groups [15] . In this article, we present results from the largest GWAS to date for CHD and its risk factors in African Americans. Despite being the largest, the size of our GWAS is modest compared to that of some European-derived consortia. As a consequence, we had limited discovery power and did not identify novel loci specifically associated with CHD or its risk factors that reach genome-wide significance in our African-American dataset.
We also attempted to replicate in the CARe African-American participants genetic associations to CHD and its risk factors previously identified in Caucasians. We could replicate 17 of those associations; for many of them, this was the first replication in a nonEuropean-derived population (Table 3 ). For five of these 17 associations, we showed how cross-ethnic comparisons of genetic association results may help refine genomic intervals carrying causal alleles (Figure 2 and Figure S3 ). There were, however, a large number of loci originally found in Caucasians that were not replicated in the CARe meta-analyses presented in this manuscript (Table S11 ). Because our sample size was relatively modest, that we used stringent statistical thresholds to declare replication in order to control our false positive rate, and that effect sizes could be weaker for given loci across different ethnic groups, our limited power probably explains why Figure 2 . HDL-C association results in Caucasians (top panel) [26] and in the CARe African Americans (bottom panel) at the FADS locus. Plots were generated using LocusZoom [33] . Under the top panel, the light blue box corresponds to the chromosomal interval flanked by the leftmost and rightmost SNPs with a r 2 $0.3 with the index SNP rs174547 in HapMap CEU. In the bottom panel, there is no light blue box because the top CARe SNPs at this locus, rs1535, is not in strong LD with any markers in HapMap YRI. doi:10.1371/journal.pgen.1001300.g002 many loci did not replicate in the CARe African Americans. Alternatively, some of these non-replications could be explained by the absence of variants within these loci associated with these traits in African Americans. Our data does not allow us to distinguish these two possibilities, and larger replication studies in African-American cohorts will be needed to draw informative conclusions.
Taken together, our results suggest that CHD risk in African Americans is not influenced by loci with major phenotypic effect on disease risk, but rather by multiple variants of weak effect, as we have observed for CHD and other traits in Caucasians. Because opportunities for replication and meta-analysis with other AfricanAmerican cohorts are evolving rapidly, the CARe dataset is an outstanding public resource that provides a strong base for discovery of genetic contributors to CHD in non-Europeanderived populations.
Materials and Methods

Ethics statement
All participants gave informed written consent. The CARe project is approved by the ethic committees of the participating studies and of the Massachusetts Institute of Technology. Global ancestry is included in the model for both methods. 1 Coordinates are on NCBI build 36.1.
2
Average frequency for the reference allele across all available African American CARe samples. 3 Direction of the effect given for the reference allele; SE, standard error. 4 P-values are scaled using genomic control. Genotyping and quality controls
All discovery samples (GWAS) were genotyped on the Affymetrix Genome-Wide Human SNP array 6.0 according to the manufacturer's protocol. For replication, the MEC samples were genotyped by Taqman, and the NHANES III, Jamaica SPT, Jamaica GXE, Cleveland, and UPENN samples were genotyped using Illumina's Oligos Pool All (OPA) technology. The Health ABC samples were genotyped on the Illumina Human1M-Duo BeadChip array as part of an independent GWAS; SNP results for the replication of the CARe findings were extracted and analyzed. Several quality control (QC) filters were applied to the genome-wide genotype data: DNA concordance checks; sample and SNP genotyping success rate (.95%, minor allele frequency $1%); sample heterozygosity rate, identity-by-descent analysis to identify population outliers ( Figure S1 ), problematic samples, and cryptic relatedness; Mendel errors rate in CFS and JHS, and SNP association with chemistry plates. For replication, SNPs and samples with genotyping success rate ,90% were excluded. Because of the admixed nature of the participants, SNPs were not removed solely because they departed from HardyWeinberg equilibrium. A detailed description of the quality control checks applied to the discovery (GWAS) and replication genotyping data can be found in Text S1.
SNP imputation
To increase coverage and facilitate comparison with other datasets, we imputed genotype data using MACH v1.0.16 [19] . We built a panel of reference haplotypes using HapMap phase II CEU and YRI data, and imputed SNP genotypes using all Affymetrix 6.0 SNPs that passed the QC steps described above. Using and independent dataset of ,12,000 SNPs genotyped on the same DNA but with a different platform, we estimated an allelic concordance rate of 95.6% (Text S1).
Association analyses
SNP-only based genetic association analysis of quantitative (HDL-C, LDL-C, smoking) and dichotomous (coronary heart disease, type-2 diabetes, hypertension) traits were carried out using linear and logistic statistical framework, respectively, in PLINK (unrelated cohorts: ARIC, CARDIA, JHS, MESA, UPENN, Cleveland, MEC, NHANES III, and Health ABC) or using R scripts that model family structure (related cohort: CFS) [28] . For the cohorts with genomewide genotyping data available, the first ten principal components were included in each analysis to account for population stratification and admixture. The method to estimate local ancestry was implemented in ANCESTRYMAP and is described in details in Text S1. To combine allelic and local ancestry information (Table 4) , we calculated a chi-square statistic with two degrees-of-freedom. Association results were combined across cohorts using an inverse variance meta-analysis approach as implemented in metal. ). The genome-wide significant loci include 8p23 (chr8), LPL (chr8), LIPC (chr15), LCAT (chr16), and CETP (chr16) for HDL-C, SLC12A9 (chr7) for hypertension, and PCSK9 (chr1), CELSR2-PSRC1-SORT1 (chr1), and APOE (chr19) for LDL-C. Found at: doi:10.1371/journal.pgen.1001300.s002 (1.27 MB TIF) Figure S3 Graphical representation of the information summarized in Table S12 . Plots were drawn using LocusZoom [26] . CHD association results in Caucasians are from Kathiresan et al. [27] . HDL-C association results in Caucasians are from Kathiresan et al. [28] . Under each plot, the light blue box corresponds to the genomic intervals flanked by the leftmost and rightmost SNPs with and r 2 $0.3 with the index SNPs (purple diamond). For the results in Caucasians, we used LD based on HapMap CEU, and for the results in African Americans, LD based on HapMap YRI. For the PLTP and ABCA1 loci, the CARe SNPs (respectively rs6065904 and rs13284054) define genomic intervals of 0.2 kb using the r ). The genome-wide significant loci include LCAT (chr16) and CETP (chr16) for HDL-C and PCSK9 (chr1), CELSR2-PSRC1-SORT1 (chr1), 2p24 (chr2), and APOE (chr19) for LDL-C. Found at: doi:10.1371/journal.pgen.1001300.s005 (1.23 MB TIF) Figure S6 Comparison of P-values (-log 10 scale) for the metaanalysis results obtained using SNP genotype-only (x-axis) or SNP genotype+estimate of local ancestry (y-axis) to compute the test statistics. Each black circle corresponds to a SNP. In total, results from ,885,000 genotyped SNPs were available for each method. The gray line represents perfect correlation (x = y). The horizontal and vertical dashed lines represent the pre-defined threshold for genome-wide significance (P-value = 5610 28 ). Found at: doi:10.1371/journal.pgen.1001300.s006 (0.45 MB TIF) 26 (which was arbitrary selected to promote SNPs for replication). We also assume that all samples belong to a single study; in practice, there is a small loss of power because of the meta-analysis. For case-control, power calculations were done using the Genetic Power Calculator (http://pngu.mgh.harvard.edu/,purcell/gpc/). For quantitative traits, power calculations were done using Quanto (http://hydra. usc.edu/gxe/). Found at: doi:10.1371/journal.pgen.1001300.s009 (0.04 MB DOC) 
